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ABSTRACT 


The  purpose  of  this  report  is  to  oonsolidata  well  established 
theory  and  the  data  available  to  date  and  make  suoh  generalizations  as 
the  faota  warrant.  The  faotors  in  water  conditions  affecting  sound 
propagation  are  discussed  in  detail,  and  the  applications  of  the  princi¬ 
ples  are  illustrated  by  examples  and  experimental  data. 

It  is  oonoluded  that  water  oonditions  frequently  set  definite 
limitations  on  the  use  of  underwater  sound  gear,  but  also  that  a  proper 
knowledge  and  understanding  of  the  conditions  frequently  permits  taking 
taotioal  advantage  of  the  limitations.  Great  oare  must  be  used  not  to 
make  too  broad  generalizations  from  limited  data,  as  oonditions  may  vary 
crrftwfclv  Anri  rmrlrilv  with  or  nlaoe- 
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THE  EFFECT  CP  WATER  COlffilTlOHS  OB  THE  PROPAGATION 


1.  Introduction 


During  the  pact  ten  years  a  large  amount  of  data  on  tha  per¬ 
formance  of  supersonio  sound  oquipment  has  been  accumulated.  The  re¬ 
sults  obtained  have  varied  widely  for  reasons  that  were  not  always  ob¬ 
vious  because  all  the  nsoessary  faots  were  not  known  or  understood* 
There  are  three  important  faotors  upon  whioh  the  results  depend.  These 
are  > 


(a)  The  equipment. 

(b)  The  operating  personnel  and  teohnique. 

(o)  The  water  conditions. 

This  article  will  be  limited  to  a  discussion  of  the  effeot  of  water  con¬ 
ditions  on  sound  propagation. 

From  a  knowledge  of  the  physios  of  wave  motion  in  a  fluid 
medium,  the  behavior  of  a  sound  beam  in  water  oould  be  predicted  if  all 
the  necessary  constants  were  known,  but  the  water  conditions  are  often 
oomplex  and  all  the  faotors  are  seldom  known  with  aoouraoy.  so  that  only 
general  statements  may  be  made  in  many  oases.  As  aoourate  experimental 
data  are  accumulated  on  sound  propagation  under  different  conditions, 
times,  and  places,  these  generalizations  may  be  made  more  speoifio  and 
aoourate.  The  purpose  of  this  rsport  is  to  consolidate  the  data  now 
available  on  the  effect  of  known  water  conditions  on  sound  propagation 
in  sea  water  and  to  make  such  generalizations  as  seem  warranted.  The 
theory  and  data  on  whioh  the  generalisations  are  based  may  be  found  in 
standard  text  books  on  sound  and  the  reports  listed  in  the  bibliography. 

2.  Sound  as  Ifeve  Motior 


Underwater  sound  is  propagated  as  a  longitudinal  vibration} 
that  ia.  an  alternate  compression  and  rarefaotion  in  the  medium  as 
contrasted  with  the  transverse  vibration  of  electromagnetic  or  light 
waves*  but  the  two  types  of  waves  follow  the  same  general  laws.  Thus, 
the  sound  waves  have  a  definite  velooity  under  a  definite  condition  and 
are  subject  to  reflection,  refraction,  diffraotion,  scattering  and  ab¬ 
sorption.  The  velooity  is  determined  by  the  elasticity  and  density  of 
the  medium  and  these  in  turn  vary  with  temperature,  pressure,  and 
salinity  of  the  sea  water.  Any  abrupt  change  in  the  velooity  causes  at 
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least  part  of  the  energy  to  be  reflected,  and  a  gradual  change  causes 
refraotion  or  bending  of  the  path..  Scattering  is  oaused  by  reflecting 
areas  that  are  small  or  irregular  compared  with  the  wave  length,  and 
absorption  ooours  when  the  sound  energy  is  transformed  into  heet. 

3.  Faotors  in  Water  Conditions  Affeeting  Sound  Propagation 

The  principal  faotors  in  water  oonditiona  that  affect  sound 
propagation  are  t  the  temperature  and  the  temperature  gradient,  the 
salinity  and  the  salinity  gradient,  the  pressure  and  the  pressure  gra¬ 
dient,  the  turbulence  or  cavitation,  and  the  marine  growths.  These  in 
turn  are  affeoted  by  variable  oyoles  in  the  sea,  sky,  wind,  rainfall, 
weather  and  ourrent  oonditions.  These  faotors  are  not  all  independent 
and  their  importanoe  and  correlations  vary  with  time  and  plaoe,  but 
there  are  numerous  general  rules  that  may  be  based  on  present  theory 
and  experienoe. 

4.  Temperature  and  Temperature  Gradients 

The  velooity  of  sound  in  sea  water  of  35  parts  per  thousand 
salinity  varies  with  the  temperature  as  shown  on  Curve  1  of  Plate  1, 

The  units  are  meters  and  oentigrada  degrees  (1  meter  *  1,0936  yards 
and  “p  ”  1,8°C  +  32.)  The  data  from  which  the  curve  is  plotted  are 
the  best  available  and  values  read  from  the  curve  are  aoourate  within 
0.2  meters  per  second.  The  rate  of  change  of  the  velooity  with  tem¬ 
perature  is  the  temperature  ooeffioient  of  velooity,  and  it  varies  with 
the  temperature  as  shown  on  Curve  2  of  Plate  1.  Thus  from  Curve  1,  one 
finds  the  velooity  at  20°C  to  be  1518.7  t^/seo.  and  from  Curve  2  that  at 
20°C  the  velocity  changes*  at  the  rate  of  2.78  ny^seo.  per  °C  or  0.176JJ 
per*  °C.  The  magnitude  of  this  effect  is  large  enough  to  be  important  as 
will  be  shown  later, 

When  a  sound  beam  is  transmitted  through  a  medium  in  which 
the  temperature  and  therefore  the  velooity  of  sound,  ohangas  either 
vertically  or  horiuontally  with  distanoe,  the  beam  will  be  refracted. 

The  path  of  the  axis  of  a  ref.raoted  beam  is  approximately  along  the 
oiroumferenoe  of  a  oirole  whose  center  and  radius  are  determined  by 
the  temper ature,  the  temperature  gradient,  and  the  initial  angle  of 
the  beam  with  respect  to  the  direction  of  the  gradient.  Gradients 
are  normally  measured  in  a  vertical  direction  as  the  rate  of  ohange 
of  the  temperature  with  depth,  or  in  a  horisontal  direction  as  the 
rate  of  ohange  of  the  temperature  with  range*  When  the  temperature 
inoreases  as  the  depth  inoreases,  the  gradient  is  defined  as  positive 
and  tends  to  refract  the  sound  beam  upwards.  When  the  temperature  de¬ 
creases  as  the  depth  increases  (the  most  common  condition)  the  gradient 
is  o&iied  negative  and  tends  to  bend  the  sound  beam  downward.  A  warm 
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layer  of  water  between  two  colder  layers  is  called  an  inversion  and  is 
indicated  by  ohanges  in  sign  of  the  gradient*  A  sound  beam  above  the 
inversion  is  bent  upward  and  a  beam  below  it  is  bent  downward  so  that 
the  inversion  layer  tends  to  aot  as  a  barrier  for  sound  transmission. 
When  the  path  of  the  beam  ooinoidse  with  the  direction  of  the  gradient 
there  is  a  ohange  in  velocity  of  the  sound  but  no  bending  of  the  beam* 

5*  Salinity  and  Salinity  Gradients 

The  salinity  affects  the  velocity  of  sound  in  water  as  shown 
by  Curve  3  of  Plate  1.  The  velocity  increases  as  the  salinity  inoreases* 
but  the  rate  of  ohange  of  velocity  depends  on  the  temperature.  The 
salinity  of  sea  water  may  range  from  30  to  37  parts  per  thousand  (ppt) 
with  36  ppt  as  a  fair  average  value.  Curve  1  is  for  35  ppt  salinity. 
Curve  3  is  used  to  oaloulate  the  velooity  at  any  other  salinity  The 
values  of  the  salinity  and  the  rate  of  ohange  with  depth  in  the  open 
sea  vary  with  the  geographioal  looation  and  with  the  current*  rainfall, 
and  evaporation  conditions. 

The  same  convention  will  ba  followed  in  designating  salinity 
gradients  as  was  used  for  temperature  gradients.  A  positive  gradient 
is  one  in  whioh  the  salinity,  and  therefore  the  velooity,  inoreases 
with  depth  and  tends  to  refraot  the  beam  upwards.  A  negative  gradient 
is  one  in  whiah  the  salinity  deore&ses  with  depth  and  tends  to  refraot 
the  beam  downward. 

Fairly  well  defined  and  often  abrupt  changes  in  both  the 
horisontal  and  vertical  salinity  gradients  may  be  found,  especially 
near  the  mouths  of  large  rivers  or  bays.  The  data  on  salinities  are 
not  as  complete  as  o'n  temperatures,  largely  due  to  the  technical  dif¬ 
ficulties  of  measurements,  but  fortunately  the  salinity  effeot  on 
sound  propagation  is  relatively  small  compared  to  the  temperature  effect. 

6*  Depth 


The  velooity  of  sound  inoreases  with  the  depth  at  a  practically 
constant  rate  of  0.0181  meters  per  seoond  per  mater  inorease  in  depth 
down  to  a  depth  of  400  meters.  The  pressure  gradient  is  always  positive 
and  teals  to  bend  the  sound  beam  upward.  A  correction  for  the  change 
in  the  velooity  of  sound  with  depth  ie  made  when  eoho-sounding  for  hydro- 
graphio  eurveys,  but  it  is  seldom  necessary  in  routine  navigational  use 
of  sounding  gear. 

7 .  Turbulence  and  Cavitation 

Turbulenoe  and  cavitation  in  the  path  of  a  sound  beam  soatter 
the  sound  energy  muoh  as  olouds  or  a  smoke  screen  scatter  the  light  from 
the  sun.  This  results  in  a  loss  of  intensity  on  the  axis  of  the  beam  of 


the  transmitted  ray,  but  sans  of  the  energy  will  be  scattered  back 
towards  the  source  and  an  eoho  is  often  heard.  Such  an  echo  is  usually 
weak*  diffuse  and  drawn  out  more  than  a  true  target  echo*  The  amount 
of  tha  scattering  depends  on  the  sise  of  the  turbulent  vortices  compared 
to  the  ware  length  of  the  sound  used.  The  lower  frequencies  penetrate 
turbulence  better  than  the  higher  frequenoies  and  correspondingly  high 
frequencies  give  better  eohoes  from  turbulence*  There  is  always  turbu¬ 
lence  near  the  boundary  when  one  body  of  water  moves  with  respeot  to 
another  or  when  the  water  is  mechanically  disturbed.  Thus  echoes  may 
often  be  obtained  from  the  bottom  of  the  Gulf  Stream,  off  the  wake  of 
a  ship  or  off  a  school  of  fish. 

S.  Marine  Growth 


It  is  frequently  found  that  poor  sound  propagation  is  found 
to  ooinoide  with  evidence  of  miorosooplo  marine  growth.  It  has  not 
been  determined  that  the  marine  growth,  either  animal  or  vegetable, 
is  itself  the  oause  of  the  poor  propagation  of  a  sound.  It  seems 
more  probable  that  the  marina  growth  is  evidence  of  oertain  temperature 
and  salinity  conditions,  and  these  in  turn  are  usually  suoh  as  to  oause 
poor  propagation  of  sound.  Thus  eoho-ranging  has  been  found  to  be  poor 
in  the  "red  water”  condition  in  Panama  Bay,  but  it  may  also  be  poor  in 
nearby  areae  where  there  is  no  "red  water." 

9*  Sea  Surface 


The  sea  surface  affects  the  propagation  of  sound  in  several 
wavs*  If  the  vertioal  distanoos  between  the  troughs  and  orests  of  the 
waves  are  greater  than  the  average  depth  of  submergenoa  of  the  projeotor 
part  of  the  time  the  axis  of  a  horizontal  beam  and  everything  above  it 
will  be  out  off  by  the  trough  of  the  wave.  If  the  ship  is  pitching  with 
the  projeotor  on  a  0°  bearing,  or  rolling  with  the  projeotor  on  a  00° 
bearing,  the  axis  of  <the  beam  sweeps  through  the  whole  angle  of  roll.- 
The  magnitude  of  this  effeot  o&n  be  seen  from  Plate  3.  Thus,  for  a  10° 
downward  roll  on  a  90°  bearing,  the  axis  is  in  the  position  of  the  -10°' 
rav.  is  down  630  feet  at  1000, yards  and  the  intensity  of  the  horizontal/ 
ray  would  be  down  10.8  db.  from  the  axial  intensity.  On  the  correspond¬ 
ing  upward  roll,  the  -10*  ray  of  Plate  3  would  be  horizontal,  everything 
above  it  would  be  scattered  by  the  waves  and  the  intensity  would  be 
down  10,8  db.  The  direot  signal,  therefore,  would  vary  by  10.8  db. 
during  the  rrll  and  the  eoho  might  well  vary  twice  this  amount,  Prao- 
tioally,  this  means  that  eoho-ranging  on  a  bearing  where  the  pitoh  or 
roll  oauses  this  effeot  should  be  avoided  if  possible. 

A  dead  oalm  sea  is  frequently  unfavorable  for  eoho-ranging 
for  two  reasons.  The  air-water  surfaoe  refleots  the  sound  like  a  mirror 
but  with  180*  change  in  phase,  Plate  3  shows  that  any  ray  within  3* 


of  the  axis  is  down  only  1  db.  or  loss.  Since  the  paths  and  intensities 
of  the  axis  ray  and  the  rays  within  3°  above  it  are  so  nearly  equal, 
the  180°  phase  difference  oauses  interferenoe  or  partial  cancellation 
and  a  considerable  loss  of  axial  intensity.  Also,  the  conditions 
oausing  a  oalm  sea  are  frequently  favorable  for  building  up  steep  tem¬ 
perature  gradients,  or  a  series  of  small  inversions  that  oause  irregular 
refractions  of  the  beam* 

10,  Sky  Conditions 


Under  sky  conditions  are  inoluded  the  intensity  of  the  sun¬ 
light  and  the  clouds,  fog  or  haze  which  to  a  oertain  extent  modify  the 
intensity  at  the  sea  surfaoe.  The  light  from  the  sun  whioh  Btrikes  the 
surface  of  the  sea  is  partly  reflected  and  is  partly  transmitted  into 
the  water  where  it  is  finally  converted  into  heat.  About  one  third  of 
the  total  energy  from  the  sun  is  in  the  infra-red  region.  This  energy 
is  all  absorbed  in  the  first  few  inches  of  water.  The  energy  of  the 
visible  light,  even  in  the  dearest  known  sea  water,  is  absorbed  so 
rapidly  that  90^  of  it  has  been  transformed  into  heat  in  the  first  125 
feet.  This  results  in  a  relatively  intense  heating  of  a  shallow  upper 
layer  and  the  development  of  steep  temper ature  gradients.  At  night  the 
proooss  is  generally  reversed.  The  surface  water  being  warmer  than  the 
air  loses  heat  by  radiation  and  by  evaporation.  Radiation  is  greatest 
on  a  calm,  clear  night  but  evaporation  depends  primarily  on  the  air 
and  water  temperatures,  the  relative  humidity  and  the  wind.  In  hot 
calm  weather  in  the  Caribbean,  one  frequently  finds  a  series  of  alter¬ 
nately  warm  and  oool  layers,  oorresporxiing  to  alternate  heating  and 
oooling  effects  of  day  and  night,  extending  down  to  a  depth  of  100 
feet  or  more.  The  layers  are  generally  thioker  and  the  temperature 
differences  less  as  the  depth  increases. 

11.  Wind 


The  importance  of  the  stirring  action  of  the  wind  on  tem¬ 
perature  gradients  has  only  reoently  been  understood.  The  faots  had 
been  well  established  by  work  on  the  Semmes  and  the  explanation  ms 
given  by  Dr,  Langmuir  of  the  General  Sleotrio  Company  in  1938.  To 
summarize  briefly,  he  shows  that  the  effect  of  the  wind  is  tc  produoe 
a  series  of  right  and  left  helical  vortices  in  the  water  having  hori¬ 
zontal  axes  parallel  to  the  direction  of  the  wind.  The  water  descends 
under  the  wind  streaks  and  rises  between  the  streaks.  While  this 
motion  is  slow  it  gives  rise  to  s  generally  turbulent  condition  that 
thoroughly  mixes  the  water.  A  windy  day  causes  the  temperature  gradi¬ 
ent  to  disappear  down  to  a  oertain  depth  but  produoes  a  very  sharp 
gradient  at  the  lower  limit  of  the  isothermal  layer.  The  velooity  of 
the  wind  and  the  time  during  whioh  the  velooity  is  maintained  roughly 
determine  the  depth  of  the  stirring  aotion. 
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The  surfaoe  indication  of  this  is  the  spacing  between  the 
wind  streaks  or  the  distanoe  between  the  "windrows"  of  seaweed  or  kelp, 
the  spaaing  being  determined  by  the  sustained  wind  velocity,  and  the 
depth  of  the  stirring  action  being  approximately  proportional  to  the 
distance  between  streaks.  There  is  positive  experimental  evidence  that 
the  stirring  action  of  a  20  knot  wind  for  6  hours  may  extend  down  more 
than  125  feet  in  deep  water  where  the  wind  has  a  long  sweep  as  off 
Guantanamo,  but  off  Panama  Bay  even  in  deep  water  the  stirring  aotion 
■.s  ,~-»ii  co  aoouu  50  fust  probably  bseeusu  the  northeast  wind  does 
— s t  .iave  time  w  ouiici  up  tue  stirring  ao  uion. 

12,  Weather 

A  knowledge  of  the  weather  conditions  for  two  or  three  days 
preceding  a  sound  test  is  a  help  in  estimating  the  results  that  may  be 
expected  from  the  sound  equipment.  The  estimate  is  a  practical  appli¬ 
cation  of  the  principles  stated  above  and  may  be  illustrated  by  an  example; 
On  s  c Ispi* >  fairly  c 8 1 m  day  af^sr  a  nor'ch.wss't  storm  in  opon  wator  off 
the  New  England  coast  but  within  the  100  fathom  curve,  the  listening  and 
echo-ranging  oonditions  are  excellent  and  will  probably  oontinue  ex¬ 
cellent  for  several  days  in  the  winter  time.  In  the  summer  time  by  the 
afternoon  of  the  second  day  after  the  storm,  echo-ranges  will  usually 
be  short  and  false  oontaots  often  will  be  made,  but  propeller  noise 
ranges  may  be  good.  Occasionally  "skip  distanoe"  eoho  effects  will  be 
found.  The  explanation  is  that  the  storm  thoroughly  mixes  the  water 
and  the  temperature  gradients  are  small  or  zero  down  to  about  150  feet. 

This  condition  lasts  for  several  days  during  the  winter  because  the 
intensity  of  the  sunlight  is  low  and  the  water  warms  up  slowly.  In 
the  summer  the  heating  effect  is  greater  and  gradients  build  up  more 
rapidly.  This  bends  the  beam  downward  and  since  the  water  is  shallow, 
echoes  will  be  obtained  from  the  bottom  giving  false  oontaots  or  ranges. 

The  propeller  noise  is  reflected  from  the  bottom  without  much  loss  of 
intensity  so  listening  may  be  rated  as  good. 

13.  tfeasurements  and  Estimates  of  Water  Conditions 


The  only  certain  and  accurate  means  of  determining  how  the 
water  conditions  affect  sound  propagation  is  an  experimental  sound 
test  with  the  proper  target  and  equipment  at  the  particular  time  and 
place.  Even  such  an  experimental  determination  gives  no  assurance 
time  the  data  will  be  valid  for  more  than  a  limited  change  in  time  or 
plaoe.  However,  sinoe  the  ta.ctioal  situation  may  not  permit  an  ex¬ 


methods  of  obtaining  them  that  will  aid  in  making  a  valid  estimate  of 
the  situation.  Obviously,  all  possible  oases  cannot  b8  covered,  but 
enough  will  be  given  to  illustrrte  the  technique  and  type  of  reasoning 
so  that  anyone  familiar  with  points  covered  in  the  preceding  paragraphs 
should  be  able  to  apply  the  available  information  to  the  particular 
situation  and  to  make  an  estimate  of  the  results  to  be  expected  from  the 
sound  gear. 
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A  submarine  may  detect  large  temperature  ohanges  as  she  makes 
a  slow  dive  by  reading  the  injection  water  temperature  or  by  taking 
samples  in  a  bucket.  This  is  a  slow  and  crude  method,  and  there  probably 
is  a  big  time  lag.  Better  results  may  be  obtained  by  mounting  a  ther¬ 
mometer  outside  an  eyeport  in  the  conning  tower.  By  going  down  in  10 
foot  stages  and  allowing  2  minutes  at  eaoh  stage,  readings  may  be  taken 
to  0.1  C  with  a  good  thermometer.  Several  thermometers  are  neoessary 
to  cover  with  sufficient  aoouraoy  the  full  range  of  temperatures  met 
with  in  the  Atlantio  Ocean  in  a  seasonal  oyole.  The  Naval  Researoh 
Laboratory  has  developed  a  direct  reading  temperature  gradient  indicator 
for  submarines.  Preliminary  experiments  indioate  that  gradients  as 
small  as  0.01°C  per  fathom  or  as  large  aa  6°C  per  fathom  may  be  read 
direotly  from  e  meter  soale.  The  indicator  is  particular ly  sensitive 
to  temperature  inversions  as  a  change  in  sign  of  the  gradient  causes 
a  quick  swing  of  the  needle  from  one  side  to  the  other.  The  equipment 


For  destroyers,  the  Bureau  of  Ships  has  developed  a  bathy¬ 
thermograph  which  may  be  lowered  over  the  side  at  a  rate  of  about  1 
foot  per  seoond  to  a  depth  of  500  feet.  It  automatically  traces  a 
pressure-temperature  curve  on  a  small  smoked  glass  slide,  ii/hen  the 
slide  is  placed  in  a  projection  lantern  the  curve  is  projected  onto 
an  8"  x  10-1/':''  calibrated  chart  from  which  the  temperatures  can  be 
read  to  +  0.1 'F  and  the  depths  to  +  1  ft.  Since  one  coordinate  is 
pressure,  the  length  or  angle  of  tFe  wire  need  net  be  measured,  but 
it  is  necessary  for  the  ship  to  lie  to  or  to  run  at  very  slow  speed 
for  about  20  minutes  to  make  a  temperature-depth  measurement  to  500 
feet. 


An  investigation  of  the  possibility  of  making  salinity  measure¬ 
ments  has  been  made  but  at  present  there  is  no  known  method  that  is  con¬ 
sidered  praotioal  for  general  naval  servioe  use.  •  Salinity  measurements 
can  be  made  with  aoouraoy  on  a  ship  properly  equipped  for  hydrographic 
or  ooeanographic  work,  but  at  present  the  information  obtainable  is 
probably  not  worth  the  cost  in  space,  equipment  and  personnel  on  a  oom- 
batant  Navy  «hip.  Fortunately,  the  salinity  effeot  on  sound  propagation 
is  in  general  relatively  small  compared  to  the  temperature  effect  except 
under  some  special  condition,  as  where  fresh  and  salt  water  are  mixing. 

14.  The  Path  of  a  Sound  Beam 


It  is  possible  to  cnloulate  the  path  of  a  sound  beam  under 
oertain  specified  conditions.  The  mathematical  formula  is  somewhat 
oomplex  and  the  calculations  laborious  so  only  a  few  typioel  examples 
will  be  given  to  illustrate  the  general  principles.  The  derivation  of 
the  mathematical  formula  and  the  details  of  the  calculations  will  be 
given  in  a  separate  teohnioal  report. 


Cta.  Plata  2  are  shown  the  paths  of  the  axis  of  an  initially 
horizontal  sound  beam  subjeot  to  the  refracting  effect  of  the  pressure 
gradient  and  of  the  temperature  gradients  as  merited.  The  projector  is 
located  500  feet  below  the  surfaoe  and  the  water  is  assumed  to  be  homo¬ 
geneous  except  for  the  pressure  and  the  temperature  gradients  shown. 

This  depth  is  obviously  a  hypothetical  oase  given  to  demonstrate  the 
principle.  Decreasing  the  depth  of  submergenoe  would  not  change  the 
lower  half  of  the  pioture,  but  the  rays  in  the  upper  half  would  suffer 
reflection  at  ths  air-water  surfaoe.  The  vertical  scale  is  15  times 
the  horizontal  soale  so  the  bending  effeot  is  exaggerated.  It  is  inter¬ 
esting  to  note  that  under  a  oondition  of  zero  temperature  gradient  the 
beam  is  bent  upward  due  to  the  pressure  gradient  and  that  it  takes  a 
negative  temperature  gradient  of  approximately  .006  “c/m  to  give  a 
horizontal  beam.  For  a  negative  gradient  of  .03°  C/m,  whioh  is  often 
found  in  the  Atlantia  Ooean,  it  will  be  seen  thatf the  axis  is  bent 
downward  60  feet  at  900  yards.  100  feet  at  1300  yards.  200  feet  at  1700 
yards  and  670  feet  at  3000  yards. 

A  sound  beam  always  has  q  car .qui  .pi dhu.  i-x ace  o  snows  an— 
depth  to  whioh  a  ray  making  a  given  angle  with  the  axiB  will  penetrate 
at  any  range.  The  deoibel  figures  show  how  muoh  the  intensity  at  the 
specified  angle  off  the  axis  will  be  below  the  axial  intensity.  The 
intensity  figures  are  for  a  19  inoh,  24  kilooyole  projector  and  the 
medium  is  assumed  to  be  homogeneous. 

On  Plate  4  are  shown  a  set  of  curves  for  a  projector  on  n 
destroyer  with  the  axis  of  the  beam  initially  13  feet  below  the  surfaoe. 
The  temperature  gradient  is  -0.1°  F/fm  “  -0.03'  c/m,  the  salinity  is 
uniform  at  35  parts  per  thousand  >(ppt)  and  the  initial  temperature  is 
20°  C  at  13  feet.  The  curvature  of  the  axis  of  the  beam  is  the  seme 
as  the  -0.03°  c/m  curve  of  Plate  2.  The  ray  +1°  6'  above  the  axis 
just  grazes  the  surface  -  assumed  to  be  Bmooth  —  and  a  ray  at  any 
angle  greater  than  this  will  be  reflected  and  crOss  to  the  lower  side 
of  the  axis  as  shown  by  the  +6°  ray.  Since  there  is  usually  some 
roughness  at  the  sea  surfaoe.  any  ray  above  the  axis  will  probably 
be  3oattered  or  refleoted,  and.  therefore,  the  axis  becomes  praotioally 
the  upper  and  limiting  edge  of  the  beam.  This  edge  is  quite  sharply 
defined  and  will  pass  under  a  surfaoe  vessel  at  about  1000  yards.  This 
is  ohecked  by  the  oomiaon  experienoe  of  a  sudden- and  complete  loss  of  the 
eoho  at  relatively  short  ranges  when  there  is  a  negative  temperature 
gradient  as  specified.  A  submarine,  trying  to  avoid  detection,  should 
stay  as  near  the  surfaoe  as  possible  when  in  water  with  a  fairly  large 
negative  gradient. 

For  a  destroyer  installation,  the  ourves  also  show  the  fu¬ 
tility  of  attempting  to  tilt  the  projector  upward  to  compensate  for  the 
downward  bending  of  the  beam.  Even  on  a  submarine,  tilting  the  projector 
is  unnecessary  beoause  of  the  beam  spread  and  intensities  as  shown  in 
Plate  3. 
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In  Plate  6  is  shown  a  temparatwe  gradient  with  an  inversion 
of  a  type  and  degree  occasionally  found  lm.  the  Caribbean  Plate  6  shows 
the  paths  of  the  sound  beam  from  a  projection  on  a  destroyer  under  the 
temperature  conditions  of  Plate  5*  The  oe»ntrel  oone  of  the  beam  within 
the  limits  +  2°  49'  is  oonfined  to  the  lajr-er  above  the  tenperature  in¬ 
version  dep"t!h  and  all  the  rest  of  the  beam  outside  the  oentral  oone  is 
bent  sharply  downward  and  lies  below  the 4~2‘  60'  curve*  There  is  thus 
a  "deaf"  torw,  b^-d^d  bv  h-.  1c-  of  ^  4  f\ri 

and  the  *£  ^  v*  “  tht*  e  ciu?  „w  my  ^  _ 

deaf  sone  the  destroyer  oan  get  no  eohoei  from  the  submarine  nor  oan 
it  hear  the  submarine's  propellers*  Althoough  the  propeller  noise 
radiates  in  all  directions,  any  ray  at  lesas  than  the  oritioal  angle 
will  not  pass  through  the  inversion  and  annyray  at  a  greater  than 
oritiosl  angle  will  pass  through  and  be  rwfleeted  downward  from  the 
air-water  surfaoe.  The  boundaries  of  the  deaf  tone  are  determined  by 
the  paths  of  the  rays*  and,  sinoe  the  bean  pattern  of  a  projector  is 
independent  of  the  sound  power  output,  the*  boundaries  of  the  deaf  aone 
would  not  be  affeoted  by  an  inorease  in  pcovrer  output.  The  safest 
position  for  the  submarine  is  the  minimus  depth  at  whioh  she  is  com¬ 
pletely  below  the  temperature  inversion  laayer. 

In  the  layer  above  the  temperatunre  inversion  depth,  the  eoho 
ranges  will  be  relatively  long,  possibly  65000  yards,  but  there  will  be 
rapid  and  frequently  large  variations  in  L-ntensities  in  a  short  dis¬ 
tance  due  to  reinforoemants  and  interferences  by  rays  following  dif¬ 
ferent  patha,  or  between  refraoted  rays  imd  rays  ref  looted  at  the  air- 
water  surface  with  a  180°  ohange  in  phase*.  (See  Plate  9) 

The  refraction  effects  of  Plate  6  are  for  the  particular  tem¬ 
perature  gradients  6f  Plate  6,  but  some  quaalitative  generalisations  are 
possible  * 


(a)  The  boundaries  of  the  desed’  tone  are  not  materially 
affeoted  by  variations  lm  the  gradient  of  the 
layer  above  the  inversions  depth,  but  as  the  gradi¬ 
ent  goes  from  negative  to  positive  values,  more 
sound  is  concentrated  in  the  upper  layer  and  less 
sound  penetrates  the  inresraion. 

(b)  Changing  the  depth  of  the  Inversion  layer  merely 
raises  or  lowers  the  cellling  without  changing  the 

i#ei  a,  boundary  which  Is  determined  by  the 
oritioal  angle  curve,  built  a  shallow  inversion 
layer  would  oonoentrate rrelativaly  more  energy 
in  the  upper  layer  and  conversely. 
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(o)  Increasing  the  gradient  in  the  inversion 

layer  would  increase  the  critical  angle*  reduoe 
the  range*  increase  the  steepness  of  penetrat¬ 
ing  ray  and  thus  increase  the  deaf  tone  on  the 
side  toviari  s  the  destroyer. 

(d)  An  increase  of  salinity  in  the  inversion  layer 
would  produoe  the  same  effect  as  an  increase 
in  the  gradient  fts  given  in  (o)  above.  Sinoe 
these  temperature  inversions  often  continue 
for  several  days*  it  seems  neoessary  to  assume 

an  increase  in  salinity  in  the  layer  to  main¬ 

tain  a  uniform  density  gradient!  otherwise,  the 
lighter  wurm  layer  could  not  be  in  equilibrium 
with  the  colder  layers  above  and  below  it. 

Plate  7  shows  the  oase  for  a  submarine  at  150  feet  under  the 
temperature  gradient  conditions  of  Plate  6*  This  shows  a  oritioal  angle 
of  4 B  31'.  All  rays  striking  the  inversion  layer  at  less  than  this 
angle  will  be  refraoted  downwards,  and  only  those  on  the  upper  aide  of 
the  beam  making  an  angle  of  4“  31'  or  greater  oan  strike  a  target  near 
the  surfaoe.  The  deaf  zone  is  therefore  bounded  by  the  surface  and  by 
the  critical  angle  ray.  The  range  is  limited  to  1000  yards  or  less  by 

the  angle  and  also  by  the  lower  intensity  of  the  rays  6”  or  more  off 

the  axis  of  the  beam.  Theoretically*  the  submarine  may  increase  the 
eoho  range  a  few  hundred  yards  by  going  to  greater  depths,  but  the 
echo  intensity  would  be  low*  as  the  ray  striking  the  inversion  layer 
at  the  oritioal  angle  would  be  5*  or  more  off  the  axis  of  the  beam. 

If  the  submarine  goes  to  a  depth  (just  under  the  temperature  inversion 
layer  she  is  less  liable  to  be  detected,  but  she  also  has  a  shorter 
range  for  eohoes  or  propeller  noises  from  a  surfaoe  vessel. 

Inversion  layers  of  the  type  shown  on  Plate  6  have  been 
found  occasionally  by  the  SEUMEB  during  winter  and  eprly  spring  oruises. 
It  seems  probable  that  they  might  be  more  oommon  during  the  summer  but 
there  are  no  data.  Their  effects  have  been  discussed  at  some  length 
beoause  they  illustrate  so  well  the  application  of  the  principles 
developed  in  the  previous  discussion. 

16.  P.ange  -  Intensity  .Data 

The  SEMMES  and  S-20  have  collected  a  large  amount  of  data  on 
the  variation  of  the  intensity  of  the  direct  signal  transmitted  from 
the  SEMIE8  to  the  S-20  on  the  surfaoe  at  different  frequencies  and  under 
different  water  conditions.  The  series  of  curves.  Plates  8  to  13, 
show  the  range-intensity  ourves  and  their  associated  temperature-depth 
curves  for  some  broadly  typical  conditions.  While  these  ourves  are 
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broadly  typioal,  all  gradations  between  them  have  been  found  at  different 
times  and  plaoes.  The  ourves  show  the  direot  signal  strength,  but  it 
was  experimentally  determined  that  for  the  equipment  and  technique  used 
by  the  SEMMES  and  S-20,  the  eoho  intensity  from  the  S-20  on  the  surfaoe 
was  60  6  db  below  the  level  of  the  direot  signal.  At  speeds  under 

12  knots,  0  db  was  the  threshold  level  for  17  ko  eohoes  on  the  SEMMES, 
so  that  any  time  the  direot  signal  reoeived  on  the  S-20  was  60  db  or 
more,  eohoes  from  the  S-20  on  the  surfaoe  oould  be  heard  on  the  SEMMES, 

The  eoho  range  may  therefore  be  estimated  roughly  from  these  ourves. 

The  ourves  also  show  the  loss  ooeffioient,  oC ,  in  decibels  per  thousand 
yards  (kiloyards)  for  the  different  frequencies.  The  loss  ooeffioient 
includes  all  the  losses  or  gains  the  sound  beam  suffers  from  absorption, 
refraotion,  reflection,  interference,  scattering  and  perturbations  of 
the  axis  of  the  beam  due  to  pitching,  rolling  or  aooidental  errors 
in  setting.  One  outstanding  point  is  that  QC is  consistently  less  at  the 
lower  frequencies. 

These  data  are  presented  to  aid  a  destroyer  soreen  without 
temperature  mea, —  ir  -  equipment  or  a  submarine  target  in  making  an  es¬ 
timate  of  the  pi  Jt  le  eoho  range  from  a  submerged  submarine  by  means 
of  an  experimental  range-intensity  run  between  two  surfaoe  ships  at 
a  particular  time  and  plaoe  interpreted  in  the  light  of  thiB  discussion. 

Plate  8  illustrates  a  somewhat  better  than  average  range-in¬ 
tensity  run  with  its  aasooiated  temperature-depth  curve.  It  was  taken 
beyond  the  100  fathom  curve  on  the  Atlantic  side  north  of  Colon.  The 
small  positive  temperature  gradient  at  the  surfaoe  and  the  two  small 
inversions  at  3  and  8  fothoms  tend  to  refraot  the  beam  slightly  upwrrd 
and  maintain  a  generally  high  intensity.  The  60  db  rule  for  17  kc 
would  give  about  a  4000  yard  eoho  range  between  surfaoe  ships.  One 
would  expeot  good  eoho  ranges  from  a  submarine  a,t  any  depth  above  76 
feet.  Due  to  the  considerable  negative  gradient  beginning  at  13  fp  thorns, . 
ranges  would  diminish  on  a  target  at  greater  depths. 

Plate  9  was  taken  in  the  same  area  as  Plate  8  and  is  given  to 
show  the  large  fluctuations  in  intensity  that  may  result  from  a  tempera¬ 
ture  gradient  ourve  as  shown.  The  negative  gradient  down  to  7  fathoms 
refracts  the  beam  downward,  but  the  positive  gradient  from  12  to  14 
fathoms  refraotB  it  upward!  and,  sinoe  there  are  many  paths  of  slightly 
different  lengths,  there  will  be  strong  reinforcements  and  interferences 
producing  the  fluctuations  in  intensity,  although  the  average  values  for 
arc  the  ouiiio  as  , oi*  risvs  o, 

Plate  10  is  rather  typical  of  conditions  beyond  the  1000 
fathom  ourve  on  the  Proifio  side  off  Panama  Bay,  The  loss  ooeffioient, 
ait  is  extremely  high  for  the  first  2000  yards  and  then  becomes  extremely 
low.  The  initially  steep  slope  follows  from  the  large  negative  temperature 
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gradient  near  the  6  fathom  depth,  (note  that  the  temperature  soale  ia 
five  times  that  of  previous  curves,)  but  there  are  no  adequate  experi¬ 
mental  data  to  explain  oCm  0.7  db/Kyd  from  2000  to  15,000  yards. 
Provisionally,  one  may  assume  a  oonaiderably  higher  salinity  in  the 
oold  water  that  slowly  refracts  the  beam  upward,  or  the  effect  may 
be  due  to  reflections  from  the  turbulent  layer  between  the  hot  and 
oold  water. 


Plates  11,  12,  and  13  show  an  interesting  daily  oyele  that 
is  frequently  found  in  oalm  weather  off  Guantanamo  in  January  to  March 
and  illustrates  the  application  of  the  preceding  explanations  to  an 
analysis  of  exper imental  data.  Plate  11  shows  a  range  intensity  run 
from  0837  to  0932  after  a  night  of  rather  strong  winds  averaging  16 
knots  and  reaohing  a  maximum  of  28  knots.  The  upper  hundred  feet  of 
water  is  therefore  thoroughly  mixed  and  the  temperature  gradient  is 
-0.0006°C  per  meter.  Although  this  is  a  negative  temperature  gradient, 
Plate  2  ehows  that  the  beam  would  be  bent  upward  due  to  the  pressure 
gradient.  The  signal  is  therefore  maintained  at  a  high  level  through¬ 
out  the  run  and  c< »  2.36  db/Kyd  at  17.6  Kos. 

Plate  12  taken  from  1226  to  1324  on  the  same  day  shows  an 
entirely  different  picture  for  both  range-intensity  and  temperature- 
depth  curves.  The  wind  had  dropped  to  3  knots  by  1130  and  was  1.5 
knots  by  1300,  so  the  sea  was  dead  oalm  while  the  sky  was  bright  and 
clear  all  morning.  This  resulted  in  building  up  a  gradient  of  -O^c/li 
for  the  first  12  feet  of  -0.017 “c/u  for  the  next  12  feet  and  -0.0024-“  c/m 
down  to  100  feet.  The  first  two-  layers  would  band  the  beam  sharply 
downward, and  the  layer  below  25  feet  would  bend  it  upward,  but  the 
pressure  gradient  alone  would  not  bring  it  back  to  a  peak  value  at 
4500  yards.  No  data  axe  available  on  the  temperatures  below  100  feet 
or  on  the  salinity  gradient.  It  seems  logical  to  assume  a  positive 
salinity  gradient  to  aid  the  pressure  gradient  in  bending  the  beam 
upward.  Range -intensity  ourves  of  this  type  show  the  so-oalled 
"afternoon  effeot"  and  the  "skip  distance"  effect,  Bohoes  out  off 
sharply  at  1000  yards  or  less,  but  may  come  in  again  around  4000  yards. 

Between  1500  and  1700,  a  13  to  16  knot  wind  came  up  which 
mixed  the  upper  layers  of  water,  and  after  the  sun  went  down  radiation 
and  evaporation  cooled  the  surfaoe  layer  so  that  by  2000  to  2200,  we 
had  the  condition  shown  on  Plate  13  with  a  high  level  of  intensity  and 
2.4  db/Kyd. 

The  experimental  data  given  in  Plates  8  to  13  certainly  em¬ 
phasise  the  point  that  too  general  oonolusions  about  water  conditions 
in  a  given  area  Bust  not  be  drawn  from  a  simplified  theory  or  limited 
data.  Thus,  if  one  measured  the  intensity  of  the  direct  signal  at 
17,6  kos.  on  Plate  12  between  2000  and  4000  yards  only,  he  would  find 
a  gain  in  intensity  of  15  db/i£yd  instead  of  a  loss  as  the  range  increased. 


Similarly,  testa  made  at  0900,  Plate  11,  or  2100,  Plate  13,  would  rate 
Guantanamo  as  exoellent  for  eoho-ranging,  but  if  made  at  1300,  Plate  12, 
the  rating  would  be  very  poor  at  1COO  to  3000  yards,  but  might  be  good 
at  4600  yards, 

16.  Conclusions 


From  the  above  disoussions,  one  might  be  tempted  to  oonolude 
that  sound  equipment  had  little  chance  to  be  effeotive  or  reliable. 
Fortunately,  many  of  the  limitations  are  abnormal  rather  than  normal, 
and  there  are  many  more  times  and  places  where  conditions  are  fair  to 
food  than  where  they  are  very  poor,  just  as  in  most  plaoes  there  are 
more  olear  days  than  foggy  ones.  The  analogy  between  water  oonditions 
for  sound  transmission  and  atmospheric  conditions  for  light  transmis¬ 
sion  is  rather  dose.  One  does  not  expeot  to  see  muoh  in  fog  or  dark¬ 
ness  and  acoepts  that  limitation  or  takes  advantage  of  it,  so  one  should 
not  expeot  to  get  echoes  through  a  temperature  inversion,  but  a  submarine 
may  use  It  as  a  means  ox  esoape. 

Present  plans  provide  for  a  more  extensive  study  of  water  oon¬ 
ditions,  particularly  the  ooeanogrrphic  features,  in  important  operating 
areas  and  their  correlation  with  sound  propagation.  The  new  data  will 
be  incorporated  in  futare  reports  as  soon  a«  available. 
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VIA:  Code  7100 

(a)  NRL  Report  S-1204,  16  Oct  1935,  E.B.  Stephenson  ft  V ' / 

(b)  NRL  Report  S-1670,  3  Dec  1940,  E.B.  Stephenson  ft  O  '  I 

(c)  NRL  Report  S-1722,  11  April  1941,  E.B.  Stephenson  and  F.J.  Woodsmall 

&  /y 

1 .  References  (a)  through  (c)  are  a  series  of  reports  and  documents  in  underwater 
acoustics.  Refs,  (a-c)  have  been  declassified  earlier,  but  restrictions  still  exist. 

2.  The  science,  technology,  equipment  and  operational  utility  of  these  reports  have 
long  been  superseded.  The  current  value  of  these  reports  is  historical. 

3.  Based  on  the  above,  it  is  recommended  that  references  (a)  through  (c)  be 
available  with  no  restrictions. 
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